Introduction
============

The vascular endothelium is a functional tissue that responds to shear stress caused by the varying blood flow and pressure, thereby maintaining the appropriate vasomotor tone.[@b1-vhrm-10-591] Endothelial dysfunction, therefore, causes accumulation of vascular damage and induces chronic inflammation, followed by atherosclerosis and cardiovascular disease.[@b2-vhrm-10-591] Endothelium-derived relaxing factors, including nitric oxide (NO),[@b3-vhrm-10-591],[@b4-vhrm-10-591] prostacyclin,[@b5-vhrm-10-591] and endothelium-derived hyperpolarization factor (EDHF)[@b6-vhrm-10-591]--[@b8-vhrm-10-591] dilate the vessels to maintain homeostasis of the vasculature. Among these mechanisms, NO-mediated vasodilation plays a pivotal role.[@b9-vhrm-10-591],[@b10-vhrm-10-591] To assess endothelial function, the flow-mediated dilation (FMD) test has been developed.[@b11-vhrm-10-591],[@b12-vhrm-10-591] FMD in response to occlusion-induced hyperemia has been presumed to be a useful method for the estimation of the bioavailability of endothelium-derived NO,[@b10-vhrm-10-591] especially in a conduit artery like the brachial artery.[@b13-vhrm-10-591],[@b14-vhrm-10-591] Using this noninvasive and rapid measurement technique, the risk factors of endothelial dysfunction, including aging,[@b15-vhrm-10-591] diabetes mellitus,[@b16-vhrm-10-591] smoking,[@b17-vhrm-10-591],[@b18-vhrm-10-591] hypertension,[@b19-vhrm-10-591],[@b20-vhrm-10-591] and postprandial hyperglycemia[@b21-vhrm-10-591] have been validated.

Under all of these conditions, oxidative stress is elevated, and the redox imbalance is thought to cause a serious failure of endothelial function.[@b22-vhrm-10-591]

In the vasculature, including endothelium and vascular smooth muscle cells,[@b23-vhrm-10-591] reactive oxygen species (ROS) perform crucial functions in the pathogenesis of vascular disease and serve as a modulator of vasomotor function. One of those ROS, superoxide, generated by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, xanthine oxidase, and electron leakage from the mitochondrial respiratory chain, is the key factor that attenuates bioavailability of NO by inactivating it through conversion to a detrimental ROS, peroxynitrite.[@b22-vhrm-10-591] NADPH oxidases that enzymatically produce superoxide and H~2~O~2~ are grouped in the Nox family of proteins and are thought to be a major source of ROS in the vasculature. Among them, Nox1, Nox2, and Nox4 are thought to perform important functions in the vasculature. These Nox proteins are activated by the vascular shear stress.[@b1-vhrm-10-591],[@b24-vhrm-10-591]--[@b26-vhrm-10-591] In particular, Nox1 and Nox2 predominantly produce superoxide through a single electron transfer to molecular hydrogen. Superoxide rapidly reacts with NO and inactivates it. This reaction generates peroxynitrite, which has adverse effects on the NO-modulated vasodilation.[@b27-vhrm-10-591]

Furthermore, such oxidative conditions (when peroxynitrite is generated) inhibit activity of the endothelial nitric oxide synthase (eNOS) (ie, NO production). Oxidation of the authentic cofactor of eNOS, tetrahydrobiopterin (BH4), to the inactive form, 7,8-dihydropterin (BH2), induces uncoupling of eNOS, and this process, in turn, produces the antagonistic superoxide.[@b28-vhrm-10-591]--[@b30-vhrm-10-591] Such a deleterious feedback cycle seems to promote excessive levels of superoxide, which can accelerate progression of endothelial dysfunction.

Superoxide is detoxified by superoxide dismutase (SOD) and is converted to H~2~O~2~, which is a more stable ROS.[@b31-vhrm-10-591] Unlike superoxide, H~2~O~2~ functions as an agonist for vasodilation, probably as EDHF in some types of vessels like resistance arteries[@b32-vhrm-10-591] and as an antagonistic ROS.[@b33-vhrm-10-591] It is known that -- unlike Nox1 and Nox2 -- Nox4 predominantly produces H~2~O~2~ via a specific alteration in its E-loop.[@b34-vhrm-10-591],[@b35-vhrm-10-591] The biological properties of H~2~O~2~ depend on the size of the vessels or the concentration of H~2~O~2~ that the endothelium is exposed to.[@b36-vhrm-10-591],[@b37-vhrm-10-591] On the other hand, in microcirculation like observed in the coronary artery, H~2~O~2~ has adverse effects via upregulation of arginase, which degrades the precursor of NO, L-arginine. Although it is still being studied how H~2~O~2~ contributes to or impairs endothelial function, it is inevitable that H~2~O~2~ is converted to a more reactive ROS, the hydroxyl radical, by the Fenton reaction or Haber--Weiss reaction in the presence of reduced transitional metals.[@b38-vhrm-10-591]

Despite the highly detrimental effects of the hydroxyl radical caused by its rapid and indiscriminate reactivity, the mechanism underlying the pathogenicity of ROS in the endothelium is not well understood. Recently, it has been demonstrated that H~2~ selectively scavenges both hydroxyl radical and peroxynitrite among ROS and does not react with NO.[@b39-vhrm-10-591] To determine the involvement of deleterious ROS, such as the hydroxyl radical and peroxynitrite in the endothelial function, we evaluated the influence of molecular hydrogen (H~2~) on the vasodilation capability during FMD of the brachial artery (BA) in healthy volunteers. H~2~ is known as a selective scavenger of peroxynitrite and of the hydroxyl radical and is expected to be a useful antioxidant with a therapeutic potential.[@b40-vhrm-10-591]--[@b44-vhrm-10-591] In this study, we observed the favorable influence of molecular hydrogen (H~2~) on FMD of the BA in the volunteers who drank the high-H~2~ water. The results here will improve the understanding not only about the toxicity of the hydroxyl radical, but also about the agonistic capabilities of H~2~ in endothelial vasomotor responses.

Materials and methods
=====================

Study design and measurement of FMD using an ultrasound system
--------------------------------------------------------------

Thirty-four volunteers were enrolled in this pilot study (with written informed consent from all the subjects), and this study was approved by the Haradoi Hospital Ethics Committee. The study goals and intended measures were explained individually to the prospective study participants. They did not take any medications or diet supplements or receive any medical treatments for \>6 months before this study was performed. Biochemical tests did not show any aberrations, either. The subjects were randomly distributed into two groups -- the high-H~2~ group (n=16) and the placebo group (n=18). All the subjects rested in the supine position after at least 4 hours of fasting before the first scan and remained supine during the evaluation procedures.

Endothelial function was evaluated by measuring FMD of the BA in a core ultrasound laboratory by using a standardized protocol according to the international guidelines and Japanese guidelines of the Vascular Failure Working Group.[@b2-vhrm-10-591],[@b14-vhrm-10-591] We used an ultrasound system equipped with an edge-tracking device for two-dimensional imaging and a pulsed Doppler flow velocimeter for automatic measurement (UNEXEF38G; Unex Co, Ltd, Nagoya, Japan). Regarding the reproducibility of the FMD measurements using this system, the correlation coefficient between two examination sessions was reported to be 0.86 with a coefficient of variance of 11.2%.[@b45-vhrm-10-591]

In brief, the diameter of the BA at rest was measured in the cubital region. Subsequently, the cuff was inflated to 50 mmHg above systolic blood pressure for 5 minutes and then deflated. The diameter was manually measured, which usually takes \~2 minutes. The diameter at the same point was monitored continuously. The maximum dilation of the BA was confirmed and measured according to a plateau or till no further increase in the diameter for at least 1 minute after cuff deflation was observed. FMD was calculated as follows: $$\text{FMD}(\%) = (\text{maximum~diameter} - \text{diameter~at~rest}) \times 100/\text{diameter~at~rest}$$

Preparation of high-H~2~ water and placebo water
------------------------------------------------

The high-H~2~ water (hydrogen water 7.0; Ecomo International Co, Ltd, Iizuka-shi, Fukuoka, Japan) was prepared according to previously described methods.[@b40-vhrm-10-591] Briefly, hydrogen gas was produced in an acrylic resin tube in an elastic poly(ethylene terephthalate) (PET) bottle filled with 530 mL of water by mixing 75% of metal aluminum grains with 25% of calcium hydroxide (by weight) and 0.5 mL of water. During the reaction, the hydrogen gas presses against the surface of the water in the standing bottle, which is gradually hardened by the increasing pressure of the emerging hydrogen gas. After the reaction is terminated, the hydrogen gas is dissolved by shaking the bottle with decantation for \~30 seconds. The concentration of hydrogen gas in water at room temperature of the examination room was measured according to the method described previously.[@b46-vhrm-10-591] The placebo water was prepared by filling up a PET bottle (which is usually used for carbonated drinks) containing water with N~2~ gas under 0.8 MPa to make the placebo bottles as hard as the bottles with the high-H~2~ water. An acrylic resin tube with a placebo nonwoven fabric (which is used to produce H~2~ gas in a tube) was also placed in the placebo bottles so that the volunteers could not distinguish between the two types of water.

Statistical analysis
--------------------

The data are shown as mean ± standard deviation. The significance of differences in variables before and after taking water (high-H~2~ water or placebo water) in each group was determined by comparing changes in FMD using paired Student's *t*-test. The analysis of variance was used to compare changes in variables between the two groups.

Results
=======

The high-H~2~ water (\>5 ppm within an hour[@b40-vhrm-10-591]) was prepared more than 12 hours before the volunteers drank it. After the waiting period, the concentration of H~2~ exceeded 7 ppm, which corresponds to 3.5 mg of H~2~ molecules in 500 mL of water, as shown in [Figure 1](#f1-vhrm-10-591){ref-type="fig"}. The participants drank it immediately after opening the PET bottle so that they could ingest approximately 3.5 mg of H~2~.

The baseline demographics of the subjects are presented in [Table 1](#t1-vhrm-10-591){ref-type="table"}. All subjects enrolled in this study had normal mean levels of baseline biometric parameters and normal results of clinical chemistry and hematology tests. At baseline, there were no significant differences in age, sex, body height, body weight, systolic blood pressure, diastolic blood pressure, and heart rate between the two groups ([Table 1](#t1-vhrm-10-591){ref-type="table"}).

The peak concentration of H~2~ in the bloodstream is thought to be achieved within 10 minutes;[@b40-vhrm-10-591] thus, we performed the FMD test 30 minutes after the subjects drank the high-H~2~ water so that the endothelium of each subject was exposed to the highest concentration of H~2~. As shown in [Figure 2](#f2-vhrm-10-591){ref-type="fig"}, in the high-H~2~ group (eight males; eight females), FMD increased by 19.9%±41.6% after ingestion of 3.5 mg H~2~; whereas, in the placebo group (placebo water; ten males, eight females), FMD decreased slightly. Although in both groups the change in FMD (%) was not statistically significant, the ratio of the changes in FMD of the high-H~2~ group was significantly improved when it was compared with the placebo group (*P*=0.0221).

The differences at baseline between the two groups were assessed regarding vascular parameters, as shown in [Table 2](#t2-vhrm-10-591){ref-type="table"}. Before ingestion of the high-H~2~ water or placebo water, no significant differences were observed between the two groups in systolic blood pressure (SBP), diastolic blood pressure (DBP), heart rate (HR), the resting arterial diameter, and FMD%. (These variables might affect FMD).

To evaluate the direct effects of H~2~ on vasodilation, the changes in diameter of the BA after drinking either high-H~2~ water or placebo water were measured in three healthy volunteers from each group. In this experiment, the same method for FMD measurements (based on the ultrasound techniques) was used except for the stoppage of the arterial flow. As shown in [Table 3](#t3-vhrm-10-591){ref-type="table"}, no remarkable changes in the diameter of the BA were observed during the 2-hour measurement in either the high-H~2~ group or the placebo group.

Discussion
==========

ROS including NO, superoxide, peroxynitrite, and H~2~O~2~ occupy the center stage in a functional endothelium. The most important biosignal that regulates the level of these reactive oxygen/nitrogen species is shear stress on the vasculature. Flow-mediated shear stress activates NADPH oxidases and eNOS, and they generate superoxide and vasoactive NO, respectively. Once the redox balance between these conflicting bioactive molecules is tipped in favor of the oxidative state, the production of peroxynitrite and H~2~O~2~ seems to become excessive, leading to endothelial dysfunction.

Although H~2~O~2~ seems to possess agonistic properties for endothelial vasodilation,[@b8-vhrm-10-591],[@b36-vhrm-10-591] it is a precursor of the hydroxyl radical. Despite the strong reactivity of the hydroxyl radical, studies of the influence of this molecule on the endothelium are scarce, and most of them deal with the function of H~2~O~2~. In the coronary artery, where H~2~O~2~ acts as EDHF,[@b36-vhrm-10-591] the suppression of the production of the hydroxyl radical by chelating ferric ions prevents the adverse effects of H~2~O~2~; thus, the hydroxyl radical seems to be responsible for the H~2~O~2~-related endothelial dysfunction in the relevant diseases.[@b37-vhrm-10-591]

In larger conduit arteries like the BA, it is still unclear whether the hydroxyl radical has antagonistic properties toward endothelial function, where the NO-mediated pathway is predominant. In the present study, we show that a direct scavenger of the hydroxyl radical, H~2~, significantly improves FMD of the BA. As shown in [Tables 1](#t1-vhrm-10-591){ref-type="table"} and [3](#t3-vhrm-10-591){ref-type="table"}, the changes in diameter of the BA caused by H~2~ are dependent on the increased blood flow after the arterial flow is shut off. Therefore, it is possible that the improvement in FMD under the influence of H~2~ is the result of flow-mediated vasodilation mechanisms accompanied by vascular shear stress. These data are suggestive of the importance of constant removal of a byproduct of H~2~O~2~, the hydroxyl radical, to maintain a vasomotor response of a conduit artery and of resistance arteries; both types of artery are frequently exposed to shear stress.

It was demonstrated previously that H~2~ does not react with NO but scavenges peroxynitrite in vitro.[@b39-vhrm-10-591] Therefore, there is an additional possibility that H~2~ may improve FMD by eliminating the NO-derived deleterious ROS, peroxynitrite.

Recently, it was demonstrated that H~2~ has a therapeutic potential against chronic inflammatory diseases, including rheumatoid arthritis (RA).[@b40-vhrm-10-591] In that study, as a result of dissolving the H~2~ gas at high pressure, the water contained over 5 ppm of H~2~ (high-H~2~ water), which is much higher than the saturation concentration of H~2~ in water, 1.6 ppm. The H~2~ ingested by drinking the high-H~2~ water reaches the maximum concentration in the lungs within 10 minutes; these data are indicative of an elevated concentration of H~2~ in the whole body, including the blood. The concentration of exogenous H~2~ in the body and its therapeutic efficacy have been studied and discussed elsewhere.[@b41-vhrm-10-591],[@b42-vhrm-10-591] The anti-inflammatory properties of H~2~ is probably due to the blocking of proinflammatory feedback loops composed of ROS, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), interleukin-6, and tumor necrosis factor alpha. This mechanism may also explain the preventive potential of H~2~ in relation to atherosclerosis.[@b44-vhrm-10-591] In addition to the anti-inflammatory potential, the results shown here indicate that by maintaining the NO-mediated vasomotor response, H~2~ is expected to prevent the vascular shear stress from triggering endothelial dysfunction.

Endothelial dysfunction is considered an initial step in the development of atherosclerosis, which is a chronic inflammatory disease controlled by cytokine-induced immune responses.[@b2-vhrm-10-591],[@b14-vhrm-10-591] To maintain healthy functioning of the endothelium in vasculature, it is therefore important to prevent atherosclerosis, which is the source of cardiovascular disease. Numerous studies have been published about vitamin supplements, such as the antioxidants vitamin C and vitamin E. Nonetheless, a desirable consensus has not been attained, nor is there any evidence that vitamins can reduce the risks of cardiovascular diseases.[@b47-vhrm-10-591],[@b48-vhrm-10-591]

Furthermore, there is no evidence that the classical antioxidants can alleviate the chronic inflammation of RA, in contrast to the water containing a high concentration (over 5 ppm) of H~2~, which considerably reduces the disease activity of RA, according to a recent study.[@b40-vhrm-10-591] The clinical efficacy of H~2~ against such a classic inflammatory disease raises the hopes of prevention of endothelial dysfunction from daily oxidative injury that precedes atherosclerosis or cardiovascular disease. FMD experiments are also used as a model of ischemia-reperfusion injury. Daily consumption of water containing over 7 ppm H~2~ may prevent such latent or microscale vascular injury. Although most of the capabilities of H~2~ are explained by its antioxidant action against the hydroxyl radical, there remains a possibility of other, yet unknown mechanisms triggered by H~2~.[@b41-vhrm-10-591],[@b44-vhrm-10-591]

H~2~ gas is generated endogenously in human intestines by commensal bacteria, and a small amount of absorbed H~2~ is detectable in exhaled air.[@b40-vhrm-10-591],[@b41-vhrm-10-591] These observations are indicative of safety of H~2~ gas. It should be noted that the volume of H~2~ gas that is produced in the intestines is greater than the amount consumed with the 7-ppm-H~2~ water in the course of the proposed regimen. It is thought that under atmospheric pressure, most of the intestinal H~2~ cannot be absorbed by the human body and cells because of the low solubility of H~2~ in water. Other antioxidant supplements are oxidized after they perform their antioxidant function, and many of these oxidized compounds enhance oxidative stress, which is a major cause of their adverse effects. In contrast, H~2~ generates H~2~O after reducing the hydroxyl radical; this is the most important property of H~2~ that contributes to its safety. Therefore, it is hard to think of any adverse effects of daily intake of H~2~. No adverse effects have been reported by the deep-sea divers who inhale 70% of H~2~ under high pressure on a regular basis for more than 10 years. Accordingly, researchers who study H~2~ think that this gas is an ideal antioxidant. It should be noted that the data presented here are restricted to the acute reactions in the BA within approximately 30 minutes after the administration of H~2~.

Here, we show only one round of enhanced protection of endothelium by H~2~ against the FMD-generated shear stress and oxidative stress. Further research is necessary to clarify whether the accumulation of blood flow-mediated oxidative damage can be prevented to some extent by daily consumption of high-H~2~ water.

Alternatively, we can expect to disrupt the inflammatory cascade composed of ROS, NF-κB, and proinflammatory cytokines by daily consumption of high-H~2~ water, according to a previous study regarding RA;[@b40-vhrm-10-591] the latter is also linked to atherosclerosis.[@b44-vhrm-10-591] Because of this mechanism, in addition to the protective potential of H~2~ toward the endothelium in the present study, some other short-term beneficial effects of high-H~2~ water may be observed.

Recently, the potential efficacy of H~2~ was tested in type II diabetes[@b49-vhrm-10-591] and metabolic syndrome.[@b50-vhrm-10-591] Both of these medical conditions are linked to endothelial dysfunction,[@b16-vhrm-10-591],[@b19-vhrm-10-591] although the direct influence of H~2~ on the endothelium has not been proven yet. It is important to study the influence of H~2~ on FMD under pathological conditions, as well as in health. It should be noted that the number of volunteers enrolled in the present study is limited, and the number of conditions that can influence vasomotor functions is also limited here. Larger-scale studies to observe the influence of H~2~ on FMD will allow us to estimate the efficacy of H~2~ on the prevention of age-related metabolic or inflammatory disease.

Conclusion
==========

Our data suggest that the daily consumption of water containing a high concentration of H~2~ (over 7 ppm or 3.5 mg in 500 mL of water) may aid in maintaining functional vasculature via two complementary mechanisms. One is neutralization of detrimental ROS to preserve NO bioavailability. The other mechanism is suppression of the inflammatory events that cause atherosclerosis. In light of this and other studies, including the anti-inflammatory effects of H~2~, we believe that larger-scale clinical research -- including biochemical tests -- should be conducted to confirm whether H~2~ can serve as a modulator of the vasomotor function of vasculature and/or can maintain health by constitutively suppressing subclinical inflammation of vasculature.
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![Concentration of H~2~ in water at various time points after the preparation of high-H~2~ water.\
**Notes:** Concentrations were measured immediately after the cap of the bottle was opened 10 minutes, 1 hour, 2 hours, or 12 hours after the preparation. The error bars represent the mean and standard deviation of three independent measurements.](vhrm-10-591Fig1){#f1-vhrm-10-591}

![Effects of high-H~2~ water on FMD of the brachial artery.\
**Notes:** Results are presented as the relative ratio of changes in FMD (%) (FMD% 30 minutes after drinking the high-H~2~ water \[closed bars\] or placebo water \[open bars\] was divided by FMD% before drinking the water). The data from all volunteers are scattered within each group (closed circles, high-H~2~ group; open circles, placebo group). Mean value is presented as the horizontal bar. Error bars indicate standard deviation.\
**Abbreviation:** FMD, flow-mediated dilation.](vhrm-10-591Fig2){#f2-vhrm-10-591}

###### 

Characteristics of the enrolled volunteers

  --------------------------------------------------------------------------------
                      All cases\   High-H~2~ group\   Placebo group\   *P*-value
                      (n=34)       (n=16)             (n=18)           
  ------------------- ------------ ------------------ ---------------- -----------
  Age                 37.7±7.60    39.1±7.9           36.6±7.3         0.35

  Men, n (%)          18 (52.9)    8 (50.0)           10 (55.6)        

  Body height (m)     1.64±0.09    1.65±0.08          1.65±0.10        0.97

  Body weight (kg)    58.2±8.5     57.5±6.5           58.9±10.0        0.64

  SBP (mmHg)          107.8±9.1    108.1±9.8          107.5±8.8        0.86

  DBP (mmHg)          69.4±7.8     70.1±6.4           68.9±9.0         0.67

  HR (beats/minute)   63.5±9.5     64.1±11.1          62.9±8.0         0.72
  --------------------------------------------------------------------------------

**Note:** Data are presented as mean ± standard deviation.

**Abbreviations:** SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate.

###### 

Changes in the parameters and FMD% caused by the high-H~2~ water or placebo water

                                High-H~2~ group (n=16)   Placebo group (n=18)               
  ----------------------------- ------------------------ ---------------------- ----------- ------------
  SBP (mmHg)                    108.1±9.8                108.9±10.1             107.5±8.8   109.2±12.6
  DBP (mmHg)                    70.1±6.4                 71.1±7.0               68.9±9.0    71.9±10.5
  HR (beats/minute)             64.1±11.1                60.9±9.8               62.9±8.0    62.9±9.15
  Diameter of BA at rest (mm)   3.81±0.40                3.72±0.45              3.52±0.56   3.52±0.54
  FMD%                          6.80±1.96                7.64±1.68              8.07±2.41   6.87±2.94

**Notes:** Data are presented as mean ± standard deviation. The heading "30 minutes" means the data 30 minutes after drinking the high-H~2~ water or placebo water.

**Abbreviations:** SBP, systolic blood pressure; BA, brachial artery; DBP, diastolic blood pressure; HR, heart rate; FMD, flow-mediated dilation.

###### 

Influence of H~2~ on vasodilation of the brachial artery

  Time (minutes)    Baseline    15          30          45          60          120
  ----------------- ----------- ----------- ----------- ----------- ----------- -----------
  High-H~2~ water   3.56±0.19   3.60±0.18   3.76±0.22   3.64±0.26   3.62±0.18   3.62±0.10
  Placebo water     3.80±0.22   3.67±0.29   3.77±0.29   3.84±0.41   3.77±0.29   3.92±0.26

**Note:** Data are shown as mean ± standard deviation (n=3) of arterial diameter (mm).
